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lon channeling analysis and x-ray diffraction reciprocal space maps have been performed on
In,Ga _,As buffer layers grown with different composition profiles on well-d001) GaAs
substrates. On all of the samples analyzed we detegt\eatureof the layer lattice, i.e., a tilt of the

lattice with respect to the substrate which varies coherently along the sample surface. The layer tilt
is directed inward defining a curvature that is concave, léngeto 2.5° cm?) and that decreases

when approaching the substrate. We describe this new phenomenon in terms of a coherent lateral
distribution of the orientations of the misfit dislocation Burgers’ vectors. 1998 American
Vacuum Society.S0734-210(98)02506-3

The growth of optoelectronic grade quality, highly mis- that also on well-cut substrates there must be a driving force
matched semiconductor heterostructures on commerciallfor the selection of the BVs, which necessarily is different
available substrates requires the interposition of suitablérom that proposed in Ref. 14.
buffer layers with controlled lattice parameter. The state of In this work we report a new effect concerning the evo-
the art is represented by buffer layers with continuous otution of the tilts on graded buffer layers, grown on well-cut
step-like graded composition profiles. After the seminalsubstrates. An investigation of tilts was performed on a set of
works of Fitzgerald and LeGouesand the first model on the more than 20 IgGa _,As graded buffer layers grown on
depth distribution of misfit dislocation@D) proposed by Wwell oriented(001) GaAs substrates<(0.1° off) with differ-
Tersoff> many efforts have been spent to improve the con-€nt concentration profilggontinuous with different gradings
trol of strain relaxatiorf;® leading to successful improve- or step-like with different step height and widltfOn all of
ments of the electro-optical properties of the over grown acthe investigated samples we detected a large coherent varia-
tive epilayer'®-12 tion of the lattice film tilt which depends on the position on

Basic to this purpose is a deep comprehension of thé&he sample surface on a macroscopic scale of several mm. As
mechanisms leading to the formation of the MD. Quite surthe substrate curvature detected is null, we are dealing only
prising not much interest has been devoted to the epilayer tilvith afilm curvature The plastic origin of the phenomenon
that, on the contrary, can provide important information onhas been described on the basis of a lateral distribution of the
the driving force acting on the MDs as testified by the fewBurgers’ vectors whose macroscopic spatial coherence opens
studies available. Buffer layers grown on substrates off-cuf€W perspectives for the investigation of the mechanisms of

some degrees from th@01) plane have shown large and Strain relaxation. _
uniform tilts of the lattice film with respect to substrate, 1n€ main features of the phenomenon are described

aligned parallel to the off-cut directid. Their origin has ~Showing the results concerning two of the most representa-
been attributed to a preferential nucleation of the MDs with(lV€ Samples investigated: one with the compositional profile
an appropriate vertical component of the Burgers' vectordlivided into six equal stepeSB), the other linearly graded
(BV). By detailed investigation of the tilts as a function of (LB)- The composition profiles of SB and LB have the same
off-cut angle it has been shown that it is possible to extracfot@! thickness §,=2.4,.m) and final In atomic concentra-
information on the MD nucleation enerd$On the contrary tion (Xb=_0'35)' _The samples were g“ZW” k_)y molecular
for well-cut (001) substrates small or negligible tilts are ex- beam epitaxy using an Adeam at 500 °C with a beam-
pected because of the apparent lack of a BV selective drivin

quivalent pressuréBEP) of 5.5x10 ® Torr, while the
force. Nevertheless, some exceptions &xidt suggesting ks4/Ga BEP ratio was-9. During the growth they were

ept in rotation to maximize the uniformity over the surface

X .
dpresent address: INFM at ELETTRA Synchrotron Light Source in AREA (16 13 mrr?) . ..
Science Park, Strada Statale 14—Km. 163.5, 34012, Basovizza, Trieste, RuUtherford backscattering spectrometRBS) analysis in

Italy; electronic mail: romanato@sci.area.trieste.it channeling condition was performed usingHe* beam de-

3578 J. Vac. Sci. Technol. A 16 (6), Nov/Dec 1998 0734-2101/98/16 (6)/3578/4/$15.00 ©1998 American Vacuum Society 3578

Downloaded 16 Nov 2012 to 155.69.4.4. Redistribution subject to AVS license or copyright; see http://avspublications.org/jvsta/about/rights_and_permissions



3579 Romanato et al.: Lattice curvature of In ,Ga,;_,As/GaAs [001] 3579

10 T T T 1.5 T

We o |

05 ¢

IR I

O, (deg.)

g
E 47 k¢ ]
0°.0%) 4 0 1 2 3 4 5 6 7 8
| ] x, (mm)
2
\ x f f ; Fic. 2. Tilt angles of sample SB as a function of the position. The tilts
aroundx; =[110] of Fig. 1(a) at x,=4 mm are plotted vs,.
%9 1 2 3 4 5
(@ X) (mm) region of the epilayer free of MDs=100 nm). In fact, the
b trajectories of the channeled ions are steered by the epilayer
3.3 \‘ * ] lattice and therefore constrained to follow the depth evolu-
T / '/ '/ tion of the epilayer deformation. As a consequence, one can-
not measure the lattice orientation of the deeper redibns.
0.1° This is also the reason why the signal from the substrate
-4 (3'0,00) - 4 Ve - cannot be used as a reference and an arbitrary reference di-
o rection has been chosen for the channeling maps. However,
ij:: in order to measure the substrate curvature by channeling
* v 1 y - = technique it is possible to bypass the limitation of the steer-
4.5 ing effect repeating the analysis on the back of the samples.
A negligible (=0.1°/cm) substrate curvature has always
been observed.
5| A v - - ] The bu_ried regions .of the buffer layers were investigated
by recording x-ray reciprocal space maSM) around the
(004) and (339 reflections with a triple-axis-diffractometer
/ + * \ \ at BM05 of ESRFGrenoble, Frande The bending magnet
55 synchrotron radiation was monochromatized at a wavelength
P 6.5 7 75 g of 1.49976 A by a Sil1)) crystal and then collimated by
(b) X, (mm) means of slits on the sample surface producing a spot of

footprint 1X 1 mn?. The RSMs were recorded using a Nal
Fic. 1. Maps of thg{OOl] axis direction on the surface of_ §tep-|i(<z§ and scintillator counter prefaced by a($il1) two-bounce ana-
linear (b) compositionally graded buffer layers. Each_posmon probed on _th‘e(l%Zer crystal. Rocking curves of tl’(®O4) substrate peak re-
sample surface corresponds to an arrow representing the angular deviati . . .
of the [001] axis direction with respect to the reference direction. The ~ corded at different positions on the sample surface confirmed
components of these arrows give the magnitude of the lattice tilt along théhe absence of substrate curvature.
(110 directions which can be compared to the marker. We summarize the main features of the phenomenon de-

scribing the results of the analysis of LB and SB.

Lateral dependence of tilEigures 1a) and Xb) show

a continuous and monotonic variation of tilt on a scale
of several mnii.e., of the same order of magnitude of

the sample size The position dependence of the tilt

livered by the 2 MV Van der Graaff accelerator at National (&)
Laboratories of Legnardtaly). The channeling angular co-
ordinates of thd001] axis were determined by means of a
goniometer (0.01° precisigrmapping the sample surface

typically over areas of several tens of hnwith a lateral
resolution fixed by the beam spot diamet@rs mm).® The
data of SB and LB have been elaborated as maps of devia-
tion of the epilaye{001] direction relative to an arbitrary
reference directior(Fig. 1). Although the RBS-channeling
technique can probe several microns of thickness, the chan-
neling analysis of the tilt must be limited to the topmost

JVST A - Vacuum, Surfaces, and Films

defines a concave curvature of the film lattie@rows
inward directed that is opposite to what would be ex-
pected for a pseudomorphic filrsubstrate system un-
der compressioriconvex curvature By defining the
frame of reference, x;=[110], Xx,=[110], X3
=[001], Fig. 2 shows that the tilo; measured on SB
around thex; axis has a nearly linear dependence on
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Fic. 3. Maps around th€004) point of reciprocal space collected at the
reference pointFig. 1) of the SB sampléa) and 3 mm awayb).

the lateral coordinate,. The curvature alon§110],

dw1dx,, is constant and amounts to 2.4° cm. A con-
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sible for the relaxation of parallel strain along axis On

the contrary, the edge component perpendicular to the inter-
face b; is responsible for the film tilt that, in the case of a
uniform imbalance, leads to a uniform tilt of the film lattice,
w=Dbg n, wheren is the average density of the MB%As a
consequence, a lateral dependence of the film tilt requires
that the average distribution df depends on position.

Let us consider the case of the SB. Because the buried
layers of SB are almost completely relaxed, the average dis-
tance between the MDs at timeth interface parallel to;,
1/n}”~10—50 nm, is much shorter than the sample lateral
dimension,L. Thus it makes sense to consider a local aver-
age of BVs of the MDs parallel tg;, (b);", performed over
a distanced~10 um such that 11}“<d<L. The functional
dependence ob; can be derived from the analysis of the
channeling data that shows that the surface tilt of SB follows
a linear dependence on the lateral positibig. 2). Then, as
a first approximation, the same functional dependence has

cave, nearly constant, curvature was observed also offien been assumed at each interface alsgtyf :

all of the other samples with values ranging from 0.5 to

2.8° cm.

(b)

sition profile. A comparison of Figs. (8 and Xb)

The symmetry of the curvature depends on the compo-

Xi

<b3>]m: k]m|b3| L/2’

@

where— 1< k}“s 1 is the parameter qualifying the effective-

clearly shows that the curvature is present along botthess of what we shall call the Burgers vector lateral distri-

the x; andx, axes in LB while it develops preferen-

bution (BULD). A complete polarization of the BV at the

tially along the[110] direction in SB. This difference is sample edge corresponds |gdjr“:1; the sign ofkjm deter-
a general feature that we always observed distinguishmines the tilt orientatiof®

ing continuously from step graded buffer layers.

(c) Depth dependencé&igure 3 shows the RSMs collected

at different positions on the surface of SB. A compari-

son of the peak positiofj&igs. 3a) and 3b)] confirms
that the parallel component of the scattering vedipr,

which is proportional to the tilt, changes with the po-

sition of the beam spot on the surfasee item(a)].

N N
dwj _ 9 S (b= kmMnm
Here we want to stress mainly that it also increases ¢x; dx; m=1 AT T & L

with the ordinal number of the laydnearly propor-

tionally), showing that the curvature starts at the inter-

The BULD induces at each interface a position dependent
tilt between adjacent layers. The total field of rotation comes
from the superposition of the fields generated by the net-
works of MDs at each interface, i.e., the curvature aroxind
at theNth layer of SB results from recurrence of BULD:

@

The curvature measured in SB has been compared to the

face with the substrate and increases at each interfadéliues determined by Eq2), evaluatingn;” (Table ) from

(Table ).

the amount of misfit relaxed at each interfa8eA good
agreement can be found using a single valu&pf —0.8

From these results it clearly appears that we are not deajpy g|| the layergTable |). This value implies that almost the

ing with a simple bending of the whole filirsubstrate sys-

maximum efficiency of BULD is required to reproduce the

tem but, instead, with a coherent variation of the layer tilt;,, /9x, film curvature of SB.

which thus defines &lm curvature

It is well known that strain relaxation in jGa_,As
buffer layers occurs mainly by formation of 60° MDs. In
particular, MDs along; axis (j=1,2) with BV edge com-
ponents parallel to the interfade, (i=1,2i+#j), are respon-

TABLE |. Experimental and modéEg. (2)] values of curvaturejw, /dx,,
of each of six layer§1-6) of SB sample. In Eq(2) we usedky'=—0.8,
L=1cm, and the reported MDs densities), .

Layers 1 2 3 4 5 6
dwq 9%, Exp. 0.3 0.8 12 1.7 21 25
(cecm™ Eq. (2) 04 08 12 16 20 21

ny (16)cm™) 188 131 189 174 146 43

J. Vac. Sci. Technol. A, Vol. 16, No. 6, Nov/Dec 1998

The above description of the curvature in the case of con-
tinuously graded profiles can be obtained with a process to
the limit by replacing the sum in Eq2) with an integral and
by considering the depth profile of the MD density. A lower
BULD efficiency was found for LB K}"= —0.3) and in gen-
eral for continuous layers.

The observed film curvature cannot be of elastic origin.
For a compressive layer a convex curvature of the whole
layer+substrate system would be expected. This however is
in contradiction with the observed concave nature of the film
curvature and the absence of a substrate curvature. On the
contrary, the description of the phenomenon by means of a
lateral distribution of the MD Burgers’ vectors shows clearly
its plastic nature. The origin of this distribution cannot be
attributed to anomalous built-in characteristics of the sub-
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